We examined the chromatin structure of the rat metallothionein I gene, both in uninduced cells and in cells induced by heavy metals or dexamethasone, using hypersensitivity to DNase I as an assay. The metallothionein I gene of the H4IIE rat hepatoma cell line, expressed at basal level, has a single DNase I-hypersensitive site. This site maps between putative hormone and basal level control sequences. Induction of the gene by cadmium or zinc resulted in the appearance of a new hypersensitive site near the start site of transcription, in a region near the metal-regulatory elements. (26) is also often accompanied by changes in DNase I hypersensitivity. Finally, cell cycle changes in the expression of histone genes have also been associated with changes in chromatin structure, as measured by DNase I hypersensitivity (4).
Changes in gene transcription are frequently associated with alterations in the local structure of chromatin. Many actively transcribed genes have DNase I-hypersensitive sites associated with their 5' flanking regions (for a review, see reference 10) . Changes in hypersensitivity associated with differential gene expression have been shown for genes transcriptionally activated in a variety of different biological contexts. Thus, altered DNase I hypersensitivity correlates with the developmental expression of genes, as described for the chicken P-globin gene (28) . Induction of gene expression by exogenous agents such as steroid hormones (3, 13) and heavy metals (26) is also often accompanied by changes in DNase I hypersensitivity. Finally, cell cycle changes in the expression of histone genes have also been associated with changes in chromatin structure, as measured by DNase I hypersensitivity (4) .
We wished to examine, in a system with multiple inducers and well-defined 5' regulatory elements, how changes in transcription reflect changes in chromatin structure. The rat metallothionein I (MT-I) gene codes for a 6,000-dalton, cysteine-rich protein which binds heavy metals such as zinc and cadmium (18) . Metallothioneins are inducible by both heavy metals and glucocorticoid hormones (22) , as well as by various other agents (7, 9, 21) . Both metal and glucocorticoid inductions are primary responses (20) with similar kinetics (22) . Deletion analysis of the 5' flanking regions of mouse and human metallothionein genes has identified sequences required for the metal-and steroid-induction responses. Cadmium or zinc induction is dependent upon the presence of several repeated metal-responsive elements (MREs) located within 200 base pairs (bp) 5 ' to the transcription start site (19, 30) . Steroid hormone induction requires a further 5' glucocorticoid regulatory element (GRE) in the human metallothionein IIA gene (19) . These elements have been identified in the rat MT-I gene by sequence consensus (2) . Haslinger and Karin (16) [16] flanked by two "GC" boxes [17] ) is found in the rat MT-I gene, located between the GRE and the MREs (2).
The metallothionein genes should be a useful system for studying the relationship between chromatin structure and gene expression. One can examine not only chromatin alterations between basal and induced expression of the metallothionein genes but also potential differences in chromatin in cells transcriptionally induced by different agents. Since different inductions require specific regions of 5' sequence, we examined DNase I-hypersensitive sites in relation to known regulatory elements.
MATERIALS AND METHODS
Cell culture. The Fao clone of H4IIE rat hepatoma cells was provided by Emma Moore, University of Colorado Medical Center (6) . Cells were grown in o-modified Eagle medium (GIBCO Laboratories) with 10% fetal calf serum (Irvine Scientific). Cells were induced by the addition of 3 ,uM CdCl2 or 0.1 FM dexamethasone (Sigma Chemical Co.) and incubation for 3 h at 37°C.
Preparation of nuclei and DNase I digestion. Nuclei were prepared by a modification of the procedure of Storb et al. (29) . Approximately 3 x 108 cells scraped from plates cooled on ice were washed once with reticulocyte standard buffer (RSB) (0.01 M Tris hydrochloride [pH 7.4], 0.01 M NaCl, 3 mM MgCl2) and then suspended in 10 ml of 30% sucrose-RSB. Nonidet P-40 was added to a concentration of 0.5%. After 5 min on ice, the nuclei were spun down in a Dynac clinical centrifuge (10 min, 2,500 rpm) at 4°C. The nuclei were washed twice with 7 ml of RSB and resuspended in 0.5 ml of RSB. The A260 was determined from a 10-,ul sample diluted to 1 ml in 0.1% sodium dodecyl sulfate-RSB, and the final DNA concentration of the nuclei was adjusted to (27) . Filters were hybridized to nick-translated probes (24) by the method of Wahl et al. (32) . HindIll and EcoRI digestions of bacteriophage lambda DNA were run as size markers.
Isolation and analysis of cytoplasmic RNA. Isolation of cytoplasmic RNA and Northern analysis were both done as described previously from our laboratory (2a).
RESULTS
We have previously shown that H4IIE rat hepatoma cells accumulate increased amounts of MT-I message after treatment with heavy metals or dexamethasone (2a) . This increase in message level is due, at least in part, to increased transcription of the MT-I gene (8, 15) . We wished to examine changes in chromatin structure associated with this increase in transcriptional activity. We first examined the DNase I sensitivity of the uninduced H4IIE MT-I gene. Highmolecular-weight DNA was prepared from H4IIE nuclei, treated with increasing concentrations of DNase I, and analyzed by the indirect-end-labeling method (33) . A HindlIl digestion of the DNA was probed with a 1.2-kilobase (kb) EcoRI-BglI 5' flanking fragment. This probe, in relation to the rat MT-I structural gene, is shown in Fig. 1 . This probe hybridizes to a 4.6-kb genomic HindIlI fragment which contains the MT-I gene on its 3' end. Digestion with DNase I of the chromatin contained in the isolated nuclei resulted in the release of a lower-molecular-weight hybridizing band (Fig. 2) VOL. 6, 1986 on July 5, 2017 by guest http://mcb.asm.org/ Downloaded from dexamethasone or 3 ,uM cadmium for 3 h before the harvest and isolation of nuclei. The nuclei were incubated with increasing concentrations of DNase I, and the DNA was isolated and analyzed (Fig. 4) . The pattern of hypersensitivity did not differ from that of uninduced cells when cells were induced with dexamethasone. There was no difference in the mobility or intensity of the hypersensitive site fragment generated in dexamethasone-induced and uninduced cells. The hypersensitive site associated with heavy metal induction was not present in dexamethasone-induced cells.
The amount of MT-I RNA that accumulated after treatment of cells with a maximal inducing dose of cadmium was 5-to 10-fold higher than the amount that accumulated after treatment with a maximal dose of dexamethasone (Fig. 4B) . To show that the appearance of the heavy metal-dependent DNase I-hypersensitive site is specific to induction of the MT-I gene by heavy metal and is not simply a function of higher levels of transcription, we examined the hypersensitivity of the MT-I gene in a cadmium dose-response experiment. Cells were treated for 3 h with increasing concentrations of cadmium and analyzed for sites hypersensitive to DNase I in intact nuclei (Fig. 5) . Parallel plates were induced at the same time with identical cadmium concentrations and incubated for 7 h. Cytoplasmic RNA was prepared from these cells. The hypersensitivity of the MT-I gene in cells treated with varying amounts of cadmium is compared in Fig. 5A . In contrast to dexamethasone-treated cells (Fig. 4) all of the cadmium-induced cells, even at the lowest cadmium concentration, showed the second hypersensitive site. A comparison of the RNAs prepared from parallel plates and analyzed by Northern blotting is shown in Fig. 5B . In these experiments, the amount of MT-I message in dexamethasone-treated cells was comparable to the amount of MT-I message in cells treated with 0.2 ,uM cadmium.
To map more closely the position of the hypersensitive sites relative to known restriction sites and regulatory regions of the rat MT-I gene, we compared the sites to known restriction fragments from an MT-I genomic clone. Plasmid containing the MT-I genomic region was cleaved with HindIll and digested a second time with one of three enzymes which cut in the 5' region of the gene (Fig. 1) . These digestions were mixed and electrophoresed on the same gel as HindIII-digested DNA from DNase I-treated nuclei of control and cadmium-induced cells. After transfer to nitrocellulose, the filter was hybridized with a 315-bp XbaI-HaeIII fragment from the first intron of the MT-I gene (Fig. 1) . Because this probe was 3' rather than 5 to the DNase I-hypersensitive sites, the fragment generated from the cadmium-inducible site now appears on the autoradiogram as a smaller band than the fragment from the basal level hypersensitive site (Fig. 6) . The bands in the marker lanes correspond to restriction fragments with a common Hindlll end, terminating at the TaqI, SmaI and BglII sites, respectively (Fig. 1) . The basal level hypersensitive site is centered very near the SmaI site at -222 bp. The cadmium-inducible hypersensitive site has its center very close to the transcrip-MOL. CELL. BIOL. tional start site. A map of these two hypersensitive sites relative to known regulatory sequences of the rat MT-I gene is shown in Fig. 6B (25) which indicate the presence of a trans-acting positive regulator which binds to the 5' flanking sequences of the mouse gene in the region of the MREs.
The pattern of hypersensitivity in these rat hepatoma cells is similar, but not identical, to the nuclease hypersensitivity found by Senear and Palmiter in the MT-I gene of mouse cells and tissues (26) . In their studies, the basal level hypersensitivity pattern appeared as a doublet which mapped close to the transcription start site and extended more than 200 bp upstream, with a region of decreased nuclease sensitivity in the center in some cell lines. In contrast, we found in uninduced rat cells only a single hypersensitive site, which maps more than 200 bp 5' of the transcription start site. The differences between the basal level hypersensitive patterns in the mouse and rat may be due to cell line differences or may reflect disparate mechanisms of basal level transcription between the two species. As in the mouse studies, we observed increased sensitivity to nuclease in the region of the transcription start site upon induction of the MT-I gene with cadmium. In addition, we showed that zinc, another heavy metal inducer of metallothionein, also leads to the appearance of the second hypersensitive site.
We did not detect a change in the pattern of DNase I hypersensitivity accompanying induction of the rat MT-I gene by dexamethasone. Thus, the hypersensitive site induced by cadmium and zinc may reflect a component of a specific mechanism of induction by heavy metals, a mechanism not shared by glucocorticoid hormone induction of the gene. Zaret and Yamamoto (35) Peterson (23) has shown a similar result with endogenous mouse mammary tumor virus. When our rat hepatoma cells were induced with dexamethasone, not only did the metal-inducible site not appear, but also we could detect no change in hypersensitivity in the region of the GRE. Since the basal level hypersensitive site is in the region of the GRE, it is possible that a change in hypersensitivity is masked by the strong basal site. Alternatively, the basal level hypersensitive site found in the absence of induction could be due to an interaction at the GRE, perhaps due to a low level of glucocorticoid hormone in the cell culture medium.
There are several bands in a genomic Southern analysis of rat DNA which hybridize with an MT-I cDNA probe (1). Since induction by dexamethasone did not lead to a change in hypersensitivity of the rat MT-I gene we studied, we needed to demonstrate that this gene is, in fact, inducible by dexamethasone, and that a heretofore unidentified MT-I gene, not recognized by our flanking or intron probes, is not responsible for the dexamethasone-induction response we observed. We established an H4IIE cell line selected on the basis of resistance to cadmium toxicity and which contains a single amplified MT-I gene. We have shown by genomic Southern analysis that the MT-I gene examined in the experiments described here is the only MT-I like sequence which is amplified in the cadmium-resistant cells (S. J. Taplitz, unpublished data). Both Northern and S1 nuclease analyses demonstrate that this cell line expresses greatly increased levels of MT-I message upon induction with dexamethasone (B. W. Birren and H. R. Herschman, manuscript in preparation). These results indicate that the MT-I gene analyzed in this report is, in fact, inducible by dexamethasone. In addition, we have demonstrated that the transcription start site is the same for cadmium and dexamethasone induction of the MT-I gene (unpublished data).
The absence of the cadmium-inducible DNase I-hypersensitive site in the rat MT-I gene upon dexamethasone induction reflects either a difference in the level of transcription of the gene or a difference in the mechanism of transcriptional activation from that of induction by heavy metals. To distinguish between these possibilities, we induced cells with a low concentration of cadmium, leading to an accumulation of message comparable to a maximal dexamethasone response. The heavy metal-associated hypersensitive site was present even after induction of the MT-I gene with as little as 0.2 ,uM cadmium. Therefore, we conclude that the appearance of the heavy metal-induced hypersensitive site in the MT-I gene reflects a difference in the mechanism of transcriptional activation, possibly due to the binding of a regulatory molecule, between induction of the gene with glucocorticoid hormones and induction with heavy metals.
Our data demonstrate that the chromatin change accompanying increased transcription in response to heavy metals, reflected as a new DNase I-hypersensitive site, is not required for glucocorticoid-induced increased MT-I transcription. Moreover, the signal for increased transcription generated at the distal GRE can be transmitted to the start site of transcription without causing the structural alteration induced by metals at the downstream hypersensitive site. It appears that alternative inducers of the MT-I gene can stimulate transcription as a result of distinct alterations in structure within a small chromatin region. 
